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OPTICAL  MATERIALS  CHARACTERIZATION 


Abstract 


The  refractive  index  of  each  of  two  prismatic  samples  of 
chemical  vapor  deposited  (CVD)  ZnSe  was  measured  from  0.5066  gm 
to  18.2  gm  by  means  of  the  minimum-deviation  method  on  a precision 
spectrometer.  Data  were  obtained  at  temperatures  near  20  °C  and 
34  *C  and  each  set  of  data  was  fitted  to  a three- term  Sellmeier- 
type  dispersion  equation,  which  permits  refractive  index  interpolation 
within  several  parts  in  10"5.  From  the  data  obtained  at  the  two 
temperatures,  dn/dT  was  calculated  for  both  samples.  A comparison 
of  refractive  index  and  dn/dT  is  made  with  other  types  of  ZnSe. 
Preliminary  photoelastic  data  are  presented  for  sinqle  crystal 
specimens  of  Ge,  reactive  atmosphere  processed  (RAP)  KCl,  and  KC1 
doped  with  KI.  The  Ge  data,  which  wa3  obtained  at  10.6  gm,  differs 
from  previously  reported  data.  Data  on  the  two  types  of  KCl  were 
obtained  at  10.6  gm,  0.633  gm  and  0.644  gm.  These  data  are  compared 
with  values  from  the  literature.  Also  presented  are  revised  photo- 
elasticity data  for  CVD  ZnSe.  The  design  of  an  improved  stressing 
apparatus  that  was  developed  for  the  measurement  of  photoelastic 
constants  is  discussed. 
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optical  mntmuu  cnmuctckizatiom 


X.  Techmical  IMport  StMtry 

1.1  Tlgglcil  Problem 

Misdowa  sabjactad  to  high  «wrn*  power  lamer  radiation  will  uoiiryi  iytic«l  amd  mechanical  dis- 
tortion Am  to  abmorptlom  hMtlif.  If  Um  distortion  mmmi  sufficiently  tmrt,  the  window*  btcow 
Mil— bl«.  Theoretical  calculations  of  optical  distortion  in  1 sear  window*  dspmnd  oti  the  following  nota- 
rial par  mm  tars:  abmorptlom  coafficicnt,  refractive  index,  change  of  index  with  temperature,  thermal 

expansion  coefficient,  atread" optical  constant*,  elastic  compliances,  specific  heat,  thernai  conductivity 
and  density.  Our  program  has  been  established  to  ease  ere  refractive  indices,  c hemes  of  index  with 
temperature,  stress  optical  constants,  elastic  compliance*,  and  thernai  expansion  coefficients  of  candi- 
date infrared  laeer  window  meter  inis. 

1.2  Csnsral  methodology 

Laboratory  experiments  are  conducted  for  measuring  refractive  indices,  changes  of  index  with 
temperature,  e trees -optical  constants,  elastic  compliances,  and  thermal  expansion  coefficients. 

The  refractive  indices  of  prismatic  specimens  are  measured  on  precision  spectrometers  by  using 
the  method  of  minimum  deviation.  Two  spectrometers  are  used.  One  instrument,  which  uses  gists  optics, 
is  used  for  meesuring  refractive  indices  in  the  visible  with  an  accuracy  of  several  parts  in  106.  The 
other  instrument,  which  uaes  mirror  optics,  is  used  for  measuring  refractive  indices  in  the  ultraviolet 
and  the  infrared  to  an  accuracy  of  several  parts  in  105.  Using  both  spectrometers  we  can  measure  re- 
fractive indices  over  the  spectral  region  0.2  um  to  50  um. 

He  measure  the  coefficient  of  linear  thermal  expansion,  a,  by  a method  of  Fizeau  interferometry. 
The  interferometer  consists  of  a specially  prepared  specimen  which  separatee  two  flat  plates.  Interfer- 
ence fringes  are  observed  due  to  reflections  from  the  plate  surfaces  in  contact  with  the  specimen.  Me 
obtain  u by  measuring  the  shift  of  these  Inter farar.ee  fringes  as  a function  of  temperature. 

The  change  of  r jfractive  index  with  temperature,  dn/dT,  is  measured  -y  two  methods.  In  the 
first  method,  we  measure  the  refractive  index  with  the  precision  spectrometers  at  two  temperatures,  20  *C 
and  30  *C,  by  varying  the  temperature  of  the  laboratory.  This  provides  us  with  a measure  of  dn/dT  at 
room  temperature.  The  second  method  may  be  used  for  measuring  dn/dT  up  to  a temperature  of  800  *C.  Me 
obtain  dn/dT  from  a knowledge  of  the  expansion  coefficient  and  by  iseasuring  the  shift  of  Fizeau  fringes 
in  a heated  specimen  as  a function  of  temperature.  The  Fize'.u  fringes  are  due  to  interferences  between 
reflections  from  the  front  and  back  surfaces  of  the  specimens. 

Me  measure  stress-optical  coefficients  and  elastic  compliances  using  a combination  of  Twyman- 
Grean  and  Fizeau  interferometers.  From  the  shift  of  fringes  in  specimens  subjected  to  uniaxial  or  hydro- 
static compression,  we  obtain  the  necessary  data  for  determining  all  the  strees-optical  constants  and 
elastic  compliances.  In  materials  with  nail  straas-optical  constants  or  in  materials  that  cannot  with- 
stand large  stress,  we  measure  the  stress-optical  effect  with  a modified  Twyman-Green  interferometer, 
whl^h  has  a sensitivity  of  about  0.011  at  10.6  um.  In  this  case  we  must  know  the  elastic  constants  of 
the  material  in  order  to  calculate  the  stress-optical  constants. 

1 . 3 Technical  Results 


The  refractive  index  of  each  of  two  primsatic  samples  of  chemical  vapor  deposited  (CVD)  ZnSc 
was  measured  from  0.5066  to  16.2  um  by  means  of  the  minimum-deviation  method  on  a precision  spectrosMter. 
Data  ware  obtained  at  temperatures  near  20  *C  and  34  *C  and  each  sat  of  data  wes  fitted  to  a three-tarn 
SellsMier-type  dispersion  equation,  which  permits  rsfractive  index  interpolation  within  several  parts 
in  10~5.  Prom  the  data  obtained  at  the  two  temperatures,  dn/dT  was  calculated  for  both  samples.  A 
comparison  of  attractive  index  and  dn/dT  is  made  with  other  types  of  ZnSe.  (Section  2.1). 

PreliaUnary  photoelastic  data  are  presented  for  single  crystal  specimens  of  Ge,  reactive  atmos- 
phere processed  (RAP)  KCl,  and  KCl  doped  with  KX.  The  Ga  data,  which  was  obtained  at  10.6  um,  differ 
from  previously  reported  data.  Data  on  the  two  types  of  KCl  ware  obtained  at  10.6  um,  0.633  um,  and 
0.644  um.  Those  data  era  compared  with  values  from  the  literature,  (section  2.2) . 

Also  presented  are  revised  photoelasticity  data  for  CVD  ZnSe  (Section  2,3). 

In  section  2.4  we  discuss  the  design  of  an  improved  stressing  apparatus  that  we  have  developed 
and  are  using  in  our  photoelasticity  measurements. 


f 


1 


»#■  rw#« 


T»»>1 


Dm  Dspertaeet  of  OtfnM  is  currently  constructing  hiqh -power  infrared  laser  systems. 
Criteria  are  >mM  for  determining  tbs  suitability  of  different  Mterials  for  use  a*  windows  in  these 
syiti.  Tht  onsurisists  wo  oro  performing  providg  dots  thot  lotwr  oystoo  designers  coo  uso  for 
determining  the  optical  perfaeneacr  of  candidata  window  oatarialo. 

1.5  los>l  lent  ions  for  further  hosoorch 

Honour sasats  of  rsfrsctiv*  i rules,  chenee  of  index  with  tenperature,  thermal  expansion, 
stress -optical  coefficients,  and  elastic  cosip  lienees  will  be  continued  on  candidate  laser  window 
Mterials.  Mare  specifically,  we  plan  to  complete  naasurenents  on  the  RAP  KC1  and  KC1  doped  with 
KI  in  the  infrared  at  10.6  pm  and  in  the  visible. 

Ma  plan  to  assemble  equipment  for  oeasurinq  photoelastic  constants  at  the  HeNe  wavelength 
of  3.39  un.  These  neasurwonta  are  of  interest  to  designers  of  chanical  laser  syatMS  that  operate 
in  the  3-5  un  range.  He  plan  to  measure  the  photoelastic  constants  of  the  specimens  we  have 
previously  measured  at  other  wavelengths  (CVD  ZnSa,  RAP  KC1,  KC1  doped  with  KI,  Ge,  chalcogonide  alass 
end  AsjS)  glase) . furthermore,  we  are  preparing  single  crystal  specimensof  LiT  and  Her  that  we  will 
be.  sending  to  a cosesercial  firm  for  polishing. 
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2.  TECW1CAI  REFOKT 

2.1  Refractive  Index  and  Temperature  Coefficient  of  Index  of  CVD  Zinc  Selenlde 
Marilyn  J.  Dodge  and  Irving  H.  Halitson 


\ 
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2.1.1  Introduction 

The  performance  of  a hlgh-power  laser. system  could  be  Halted  because  of  optical  distortion  of  the 
window  material.  It  hae  been  reported  II]1  that  the  effect  of  a heated  window  can  distort  the  beaa  and 
thus  degrade  the  system  at  powers  leas  tt"*n  those  required  to  fracture  or  melt  the  vlndov.  To  predict 
the  aaount  of  distortion  which  c«a  occur.  It  is  necessary  to  know  the  refractive  Index,  n,  teaperaturc 
coefficient  of  Index,  dn/dT,  and  the  thermal-expansion  and  stress-optical  coefficients  of  the  material 
under  consideration.  An  optical  aatrrials  characterization  program  [2]  Is  currently  In  progress  at  MBS 
to  determine  these  pertinent  optical  properties.  Although  much  work  has  been  done  to  predict  che- 
.’reti-ally  the  dn/dT  of  candidate  laser  window  materials,  there  la  a lack  of  experimental  data  on 

refractive  Index  and  dn/dT  to  back  up  the  theoretical  calculations  |J].  The  refractometry  laboratory  at 

MBS  is  determining  the  Index  of  refraction  and  dn/dT  of  selected  window  materials  over  a limited  temper- 
ature range. 

Chemical  vapor  deposited  (CVD)  zinc  selenide  is  an  Importac.  candidate  window  material.  This 
polycrystalllne  material  has  a practical  transmission  range  fro*  O.S  to  20.0  tin.  A literature  search 
has  revealed  chat  a comprehensive  study  of  the  refrrctlve  Index  and  dn/dT  of  this  material  over  Its 
entire  useful  transmission  range  has  not  been  reported.  In  addition  to  predicting  distortion  effects, 
this  data  Is  needed  for  designing  lenses,  prisms,  and  other  transmitting  components  for  use  in  laser 
systems  operating  In  the  2 - 14  in*  range.  This  paper  will  present  a study  on  jhe  refractive  Index  and 
dn/dT  for  two  samples  of  CVD  ZnSe.  Both  samples  were  made  by  Raytheon  Company^  and  are  arbitrarily 
designated  as  sample  A and  sample  B.  Sample  A was  manufactured  about  1971  and  sample  B In  1974. 

Sample  B appeared  to  be  optically  better  material  than  sample  A and  Is  considered  by  the  manufacturer  to 

be  representative  of  what  Is  now  commercially  available. 

2.1.2  Experimental  Technique 

Both  specimens  were  In  prismatic  foim  and  were  measured  by  .scans  of  the  minimum-deviation  method 
using  a precision  spectrometer  shown  schematically  in  figure  1 [4],  In  the  visible  and  near  Infrared 
regions  of  the  spectrum,  the  Index  was  measured  at  known  emission  wavelengths  of  mercury,  cadmium  and 
helium.  Beyond  2 urn,  a glo-bar  was  used  for  the  rsdiant-cnergy  source,  and  measurements  were  made  at 
known  absorption  bands  of  water,  carbon  dioxide,  polystyrene  and  1,2-4  crlchlorobcnzene.  A series  of 
narrow-band  Interference  filters  was  also  used  between  3.5  and  10.6  urn.  A thermocouple  with  a cesium 
Iodide  window  was  used  for  the  detector.  This  Instrument  has  a scale  chat  Is  accurate  to  within  one 
second_of  arc.  Therefore,  the  refractive  Index  of  good  optical  material  can  be  measured  within  1 to 
2 x UP  over  a wide  wavelength  range. 

The  Index  was  determined  for  both  samples  at  selected  wavelengths  from  0.5086  tim  to  18.2  tim  and  at 
■.iiattolied  room  temperatures  near  20*C  and  34*C.  Each  set  of  experimental  data  was  fitted  by  a least 
square  solution  to  a three-term  Sellteler-type  dispersion  equation  |5]  of  the  form 


S A. A 


- 1 - Z 


2 2 
j-l  aMj' 


The  ndex  of  refraction  la  r , (.coentcd  by  h,  A Is  the  wavelength  ol  Interest  in  micrometers,  the  A ’s 
are  the  calculated  wavelengths  ol  maximum  absorption  and  the  A *s  are  the  calculated  oscillator  1 
strengths  corresponding  to  the  absorption  bands.  The  A^’s  and'1  the  A^’s  are  not  Intended  to  have  any 


1.  Figures  In  brackets  indicate  the  literature  references  at  the  end  of  this  psper. 

> 

k The  use  of  company  and  brand  names  In  this  paper  is  lor  Identification  purposes  only  and  In  no 

case  does  It  Imply  recoasundstion  or  endorsement  by  Che  National  Bureau  of  Standards,  and  it  docs  not 
imply  that  the  materials  used  In  this  study  are  necessarily  the  best  available. 
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Figure  1.  Schematic  diagram  of  the  modified  Gaertner  precision 
spectrometer  showing  optical  path.  The  prism  is  rotated  at  one-half  the 
rotation  rate  of  the  telescope  assembly  by  gear  system,  thus  maintaining 
the  condition  of  minimum  deviation  for  any  wavelength.  The  scanning 
device  drives  the  assembly  which  scans  the  spectrum  to  identify  lines 
or  bands  and  determine  their  approximate  scale  positions. 


Figure  2.  Refractive  index  of  CVD  ZnSe  (sample  B)  as  a function  of 
wavelength  (logarithmic  scale) . Data  at  21°C  were  calculated  from  the 
dispersion  equation. 
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physical  significance  and  are  influenced  hy  the  wavelength  range  covered  by  the  experimental  data. 
Primary  emphasis  is  given  to  procuring  a mathematical!  fit  of  the  measured  data  useful  for  intc.Kolatlon. 
This  equation  will  fail  when  an  attempt  Is  auide  to  f;lt  data  t'>  close  to  an  absorption  edge.  Because 
ZnSe  is  almost  totally  absorbing  below  0.5  pm,,, it  wail  nor  possible  ia  fit  the  data  below  0 '.61  pc 
for  either  sample. 

2.1.3  Index  Data 

The  constants  calculated  for  each  dispersion  equation,  the  specified  wavelength  range,  the  number 
of  vavelengths  and  the  overall  average  absolute  residual  (the  average  difference  between  the  experi- 
mental values  and  the  calculated  values)  arc  given  In  table  1. 


Table 

1.  Constants  of  Dispersion  Kquation  for  CVD 

ZnSe 

Constant 

Sample  A 

Sample  B 

20.3°C 

I0.8*C 

20.8*C 

)i.5‘( 

A1 

4.2980149 

4. 24664H7 

4.4639521 

4.2366336 

A2 

0.62776557 

0.68520488 

0.46132463 

0.69295365 

A3 

2.895563a 

3.3114671 

2.8828867 

2.7641692 

*1 

0.19206300 

0.18807700 

0.20107634 

0.19283319 

A2 

0.37878260 

0.37665162 

0.39210520 

0.36954401 

X3 

46.994395 

49.694957 

47.047590 

46.148359 

No.  of  Wave- 
lengths 

33 

19 

38 

34 

Wavelength 
Range  (pm) 

0.54-18.2 

0.54-18.2 

0.54-18.2 

1.0-18.2 

Average  Absolute 
Residual  of,  6.2 

13.6 

4.J 

7.4 

index  X 10 

It  should  be  emphasized  that  these  constants  refer  specifically  to  these  two  samples  of  CVD  ZnSe  under 
the  stated  experimental  conditions.  The  average  residual  is  indicative  of  the  accuracy  of  the  experi- 
mental data. 

The  refractive  Index  was  calculated  at  regular  wavelength  Intervals  using  each  set  of  fitted 
parameters.  Figure  2 shows  the  refractive  index  plotted  ns  a function  of  wavelength  for  sample  B near 
21°C.  The  Index  values  range  from  2.67544  at  0.54  pm  to  2.32781  at  18.2  pm  and  is  2.40278  at  10.6  pm. 

In  figure  3,  the  refractive  index  of  simple  B is  compared  with  that  of  sample  A and  results  obtain- 

ed by  other  experimenters.  The  values  for  sample  B are  represen'  ed  by  the  zero  line.  All  of  the  data 
were  reduced  to  a common  temperature  of  20°C,  using  the  dn/dT  values  determined  for  sample  B which  will 
be  discussed  below.  Both  single  crystals  studle*  by  Mnrple  (6)  were  in  the  form  of  prisms  and  the 
Index  was  measured  at  selected  vavelengths  from  the  visible  to  the  near  IR  with  « stated  accuracy  of 
4 x 10  . From  about  1.2  to  2.5  pm  the  indices  of  the  two  samples  are  about  the  same,  differing  from 

the  NBS  sample  by  approximately  -8  to  -4  x 10"  . A prism  of  lrtran  4,  which  is  hot-pressed  polycrvs- 
talline  ZnSe,  was  measured  by  Hilton  17]  at  selected  wavelengths  with  an  estimated  uncertainty 
of  3 x 10  H . Hilton's  data  were  published  in  graphical  form  and  the  data  shown  w^re  extracted  from 
the  smooth  curve.  The  Indices  arc  generally  higher  than  the  NBS  values  by  about  4 x 10  and  agree 
with  the  data  published  on  lrtran  4 by  Kodak  |8]  which  isn't  shown  here.  The  older  CVD  specimen  of 
ZnSe,  sample  A,  is  generally  higher  than  the  newer  material,  sample  B,  by  30  x 10"5  from  the  visible  to 

1 pm,  then  levels  off  to  within  + 8 x 10  5 between  1.6  and  10.8  pm,  rising  to  65  x 10  5 at  18.2  pm.  At 

10.6  pm,  sample  A is  higher  tnan  B by  9 x 10~5. 
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Figure  3.  Comparison  of  NBS  index  values  for  CVD  ZnSe  (sample  B)  with 
NBS  sample  A and  values  reported  by  other  observers.  All  data  were 
reduced  to  20*C.  Refractive  index  of  sample  B is  represented  by  the  zero 
line.  + NBS  sample  A,  CVD  ZnSe;  □ Marple,  single  crystal;  ||  Marple  single 
crystal;  ▲ Hilton,  Xrtran  4. 


Figure  4.  Temperature  coefficient  of  refractive  index  of  CVD  ZnSe 
(sample  B)  at  a mean  temperature  of  27®C.  The  solid  portion  of  the  curve 
represents  data  calculated  from  index  values  at  two  temperatures  determined 
from  dispersion  equation",  and  the  dashed  portion  indicates  values 
calculated  from  raw  data. 


2.1  * Twp«ritim  Coefficient  of  Index 


i 


Sample  B mi  measured  at  34  wevelengths  at  an  average  room  temperature  of  33.5*C.  An  attaapt  was 
nude  to  fit  the  data  over  the  sene  wavelength  rang*  an  at  2Q.4*C,  but  an  acceptable  fit  could  not  be 
obtained.  Dropping  all  wevelengthe  below  1.0  im  and  fitting  only  the  longer  IK  data, a fit  waa  attained 
with  34  wavelengtha  with  an  average  abeolute  real  dual  of  7.4  -<  10”*.  The  calculated  Index  values  at 
regular  wavelength  Intervals  for  both  temperature*  ware  used  to  deternlne  dn/dT  as  a function  of  wave- 
length fron  1.0  to  14.2  tin.  This  data  lx  shown  graphically  In  figure  4.  The  solid  portion  of  the 
curve  represents  the  data  calculated  fron  the  fitted  values  and  the-  dashed  portion  represents  values 
calculated  fron  the  raw  data.  For  a wean  temperature  of  27*0,  dn/dT  steadily  decreases  fron  about  IS  x 
10~  V*C  at  0.5461  pa  to  a value  of  7.4  x 10v*C  at  1.4  un,  rcnalna  fairly  constant  to  12.2  ug.then 
decreases  to  4.3  x 10_5/*C  at  14.2  pm.  These  values  are  considered  accurate  within  1.5  x 10  . However, 
th2  change  la  wavelength  of  the  absorption  bands  used  for  wavelength  calibration  as  a result  of  the 
Increase  in  tenperatwre  la  not  known.  The  positive  dn/dT  Is  typical  of  covalent  crystals  and  is 
Indicative  of  a shift  of  the  strong  absorption  edges  to  longer  wavelengths.  This  could  explain  the 
Inability  to  fit  the  data  In  the  visible  region  of  the  spectrun. 

The  dn/dT  values  obtained  for  the  two  CVD  specimen*  In  this  study  are  conpared  with  those  of  other 
researchers  (9,10]  at  10.4  pm  in  Table  2. 

Table  2.  Tenperature  Coefficient  of  Refractive  Index  of  CVD  Zinc  Selenlde  at  10.6  un 
Peferencc  He t hod  Tenperature  Ranie  (*C)  dn/dT  x 10^ 

Dodge  and  Hal It son 


(Sample  B) 

Minimum- Deviation 

20.4-33.5 

7.4 

(Sample  A) 

Minimum- Day la t ion 

20.8-30.8 

6.8 

Feldman,  Waxier  4 
Horowitz 

Fizaau  Interferometry 

20-200 

6.2 

Skolnlk  4 Clark 

Laser-Do ppler  Interfer- 

23-62 

10.0 

ometry 

Kurdock 

Of f- Normal  Interference 

24-69 

8. 0-9.1 

The  values  range  fron  a low  of  6.2  x 10~5/*C  to  a high  of  10;0  x 10  /*C.  The  average  of  all  the 
values>glven  is  7.8  x 10~5/*C  which  Is  close  to  the  7.4  x 10_5/*C  obtained  for  sanple  B and  the  8.0  x 
10~5/*C  determined ' by  Kurdock.  The  *>ne  method  of  Measurement  was  not  used  in  any  two  laboratories 
which  could  account  for  the  discrepancies. 

Skolnlk  and  Clark  (10]  have  also  determined  dn/dT  for  Irtraa  IV  and  found  the  value  to.be  5.4  x 
10~5/*C  at  10.6  pm.  This  Is  in  fairly  good  agreement  with  a value  of  approximately  5 x 10  S/*C  deter- 
mined by  Hilton  and  Jones. 

2.1.5  Conclusions 

The  results  of  this  study  Indicate  that  the  two  samples  of  CVD  ZnSe  generally  agree  within  1 to  3 
x 10"*  fron  0.9  to  15  pa,  the  apectral  region  of  current  Interest  for  use  In  hlgh-powtr  IR  lsser 
systene.  The  discrepancies  In  the  values  of  dn/dT  determined  by  different  observers  could  be  due  to 
differences  In  the  suiterUl;  however,  the  different  aethods  of  measurement  should  not  be  ruled  out  as 
the  cause.  These  data  for  the  refractive  Index  and  dn/dT  are  only  valid  within  the  stated  accuracies 
for  the  specimen a reported  In  this  study. 
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2.2  ftotaelastic  Cotta  tots  of  Infrared  tutorials 


Albert  PtUw,  Oasna  Horowitz  and  toy  M.  Waxier 

2.2.1  Introduction 


S trass  car  product  inhomogeneous  raf ractive  index  changes  that  My  ba  highly  deleterious  in 
optical  components  intandad  for  diffraction  liaiitad  oparation.  In  nigh  power  lasar  windows,  stresses 
My  raault  fna  thexMl  gradients  caused  by  tha  absorption  of  intansa  lasar  radiation  [1] . The  stress- 
optical  constants  ara  important  par— tars  naadad  by  lasar  systea  designers  for  calculating  tha  affects 
of  stress  on  tha  optical  properties  of  these  windows.  In  this  paper  we  present  tha  Methods  we  aaploy 
for  Measuring  stress-optical  constants  of  isportant  infrared  window  Mte rials.  Those  Mt’iOds  eaploy 
null  techniques,  which  have  the  advantage  of  being  relatively  independent  of  intensity  fluctuations  in 
the  radiation  sources  used  [2].  Most  of  the  techniques  have  been  discussed  previously  (3),  but  are 
included  for  completeness.  Me  present  data  ofctained  at  10.6  ua  on  speciMns  of  single  crystal  Ge,  single 
crystal  KCl  grown  by  the  reactive  atsosphere  process  (RAP),  and  single  crystal  KCl  doped  with  KI.  Data 
are  also  given  for  both  types  of  KCl  at  0.633  pa  and  0.644  pa.  Measurements  will  be  continued  on  these 
Mterials  so  as  to  improve  the  precision  of  the  data. 


2.2.2  The  Stress-Optical  Constance 


The  stress-optical  effect  arises  froa  the  dependence  on  stress,  of  the 
tensor,  Kj^.  By  convention  this\  Relationship  is  expressed  in  terms  of  the  change  of 
the  dielectric  tensor,  K"J  (or  dielectric  inperMabllity) , thus 

Kij  " qijkl  °kl 


optical  dielectric 
the  reciprocal  of 


(1) 


where  the  stress  optical  constants  qn^i  are  the  components  of  a fourth  rank  tensor  and  the  indices  ijkl 
each  take  on  values  1,  2,  3.  This  relationship  is  frequently  expressed  in  a system  of  contracted  indices 
(also  called  the  Voigt  notation) , thus 


(2) 


where  m and  n each  take  on  values  1-6.  Nye  (4)  discusses  in  detail  tha  relationships  between  the  tensors 
in  the  full  notation  and  in  the  contacted  notation.  For  the  purposes  of  this  discussion,  we  use  the 
contracted  notation. 


In  general  there  exist  36  independent  stress-optical  constants,  but,  for  our  crystals,  which 
are  of  the  cubic  class  m3*,  there  are  only  three  Independent  constants,  qjj,  q12  rod  q4,.  To  obtain  all 
these  coefficients  requires  three  independent  Masurements  of  the  change  of  refractive  index  with  stress, 
but  at  least  one  experiment  nust  measure  an  absolute  change  of  refractive  index. 


2.2.3  Stress-Induced  Birefringence 


In  the  present  context,  stress- induced  birefringence  is  the  Measure  of  the  relative  refractive 
index  change  caused  by  a uniaxial  stress.  The  change  is  relative  because  it  Measures  the  difference 
between  the  changes  in  refractive  index  of  the  two  normal  polarisation  modes  of  radiation  propagating 
through  a stressed  crystal. 


In  this  experiMnt,  strass  is  applied  along  the  axis  of  a specimen  in  the  form  of  a rectangular 
prism  that  has  a square  cross-section  perpendicular  to  the  long  axis.  The  ratio  of  height  to  width  of 
a prism  is  approximately  3il.  for  a cubic  Mtsrlal  two  speciMns  are  used  with  the  axis  of  one  specimen 
along  the  (100]  direction  and  the  axis  of  the  other  specimen  along  the  (111)  direction.  These  axes  are 
chosen  because  the  refractive  Indices  are  independent  of  the  direction  of  radiation  propagation  In  the 
plane  perpendicular  to  the  stress  axis.  The  radiation  that  props gatas  into  the  specimen  Is  polarized 
at  45*  with  respect  to  the  stress  axis.  The  state  of  polarization  of  the  mserging  radiation,  which  is 
determined  by  the  stress-induced  birefringence,  is  analyzed  by  any  of  saveral  methods,  depending  upon 
the  size  of  the  birefringence,  and  wavelength  of  the  radiation.  In  the  case  of  Ge,  where  the  stress- 
optical  effect  is  large  and  tha  specimen  can  support  a large  stress,  one  need  only  to  place  an  analyzer 
at  90*  with  respact  to  the  Incident  polarization  angla  and  photometrically  detact  nulls  or  fringes  as  a 
function  of  applied  stress.  The  fringe  count,  N^,  per  unit  applied  stress  is 


dN 


B 


do 


3 

m n 

2 T 


qll  ' q12  ,or  l100*  *trM* 
q44  for  (111)  stress 


(3) 


where  n is  the  zero  stress  refractive  index,  V is  the  wavelonqth,  t is  the  specimen  thickness,  and  m, 
which  is  the  number  of  passes  the  radiation  Mkea  through  the  spec.Uran,  equals  one.  Increased  sensiti- 
vity is  obtained  by  allowing  multiple  passes. 


8. 


In  the  caee  of  KCl,  it  is  impossible  to  obtain  a minimum  of  one  fringe,  eve n for  multiple  passes 
of  the  radiation,  because  toe  Material  cannot  support  large  stresses.  Me  therefore  employ  a birefringence 
compensator  technique  for  measuring  the.  induced  birefringence,  for  measurements  at  10.6  pn  we  place  a 
species n of  Ce  in  a stress  frasa  between  tl«  KCl  spec  lawn  and  the  analyzer.  With  sero  load  on  the  KCl , 
ws  stress  U»e  Ge  to  the  first  null  position.  After  applying  a stress  to  the  specimen  which  reeoves  the 
null,  we  adjust  the  stress  of  the  Ge  until  the  null  is  restored.  Because  the  Ge  has  bean  previously 
calibrated,  we  can  compute  the  stress-optical  constants  of  the  KCl . for  measurements  using  the  above 
technique  in  the  visible,  ve  saploy  either  a stressed  plate  of  fused  silica  or  a Solell-labinet  compen- 
sator. 
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Even  greater  accuracy  and  precision  are  possible  in  the  visible  if  we  employ  another  technique 
which  wakes  use  of  a Ge  Senarmont  compensator.  However,  the  apparatus  for  this  technique  is  unavailable 
for  the  infrared. 

In  all  cases,  miltiple  passes  of  the  specimen  increase  the  sensitivity  of  netsurestent.  In 
figure  S we  show  an  8-pass  arrangement  of  the  birefringant  compensator  technique.  Multiple  passes, 
however,  do  not  always  help  if  internal  strains  occur  in  the  specimens.  These  internal  strains  can  be 
a najor  source  of  error  (5] . 

2.2.4  Absolute  Change  of  Refractive  Index 

In  order  to  calculate  the  individual  valuta  of  q^  and  q12#  we  require  a neasureawnt  of  the 
absolute  change  of  the  refractive  index.  for  this  purpose  we  use  Twyman-Green  and/or  Kiseau  inter- 
fere* a tars. 


The  Tvywsn-Creen  inter f er oms ter  is  assembled  from  components  with  a laaer  as  the  radiation 
source.  The  specimen,  which  must  have  sufficient  optical  quality  so  that  fringes  are  observed  at  the 
interferometer  output,  is  mounted  in  one  arm  of  tha  inter fer me ter.  The  shift  of  fringes  as  a function 
of  stress  is  aithar  detected  photometrically  or  viewed  on  an  tanging  device.  Pyroelectric  detectors  are 
used  in  the  infrared  at  10.6  un  and  photosMitipliers  art  used  in  the  visible  and  near  infrared.  Pringes 
at  10.6  in*  are  viewed  with  a thermal  imago  plate  or  a liquid  crystal  sheet,  while  in  the  visible  and  near 
infrared,  fringes  are  viewed  with  a Si  matrix  tube  and  TV-monitor. 


The  fringe  shifts  par  unit  applied  (100]  stress  for  stresses  parallel  and  perpendicular  to  the 
polarization  of  tha  radiation  are, respectively. 


AH1  2t  fn3  , „ 1 

ST  ’ T |S  qu  ’ tn*1)  *12 J 

To"  “ T [l  “12  • ("-l>  *12] 


where  s22  * coaponent  of  the  elastic  coepliance  tensor.  If  s,,  is  not  known,  then  it  My  be  deter- 

mined with  Piseau  interferomotry.  The  sample  itself  functions  as  a Pizeau  interferometer  if  the  faces 
1 re  polished  sufficiently  parallel.  Fringes  are  then  obtained  from  the  interference  between  reflections 
frost  the  front  and  back  surfaces  and  the  shift  of ’these  fringes  as  a function  of  stress  is  measured  in 
the  seme  manner  as  the  shift  of  the  Twyman-Green  fringes.  The  fringe  shifts  per  unit  applied  [100] 
stress  for  stresses  parallel  and  perpendicular  to  the  polarisation  of  the  radiation  are,  respectively. 


With  eqs.  (4-7)  we  can  obtain  q^,  and  s^. 


<6) 


(7) 


In  certain  instances,  such  as  in  the  case  of  KCl,  we  are  unable  to  produce  a minimum  shift  of 
one  fringe  using  standard  Twyman-Green  or  Fizaau  intar fer meters.  For  this  case  ws  have  constructed  a 
modified  Twyman-Green  interferometer  that  is  capable  of  detecting  a 0.01  fringt  shift  at  10.6  lim.  A 
schematic  diagram  of  the  interferometer  for  use  with  a C02  laser  is  shown  in  figure  6.  The  two  arms 
of  the  interfermeter  are  in  close  proximity  In  order  to  minimize  instabilities  due  to  air  currents 
and  vibrations.  The  effects  of  vibrations  are  also  minimized  by  mounting  the  diagonal  mirror  onto  the 
same  base  as  the  bem  splitter  and  by  mounting  the  two  end  mirrors  on  a common  base.  The  specimen  arm 
end  mirror,  which  Is  mounted  on  a piezoelectric  translator,  undergoes  a sinusoidal  translation  thus 
modulating  the  output  intensity  of  the  interfermeter.  The  reference  specimen  at  10.6  urn  is  e crystal 
of  Ge  in  a compression  apparatus.  In  the  visible  the  reference  specimen  is  fusad  Sio,.  Me  calibrate 
the  reference  specimen  by  measuring  the  force  necessary  to  produce  an  Integral  number  fringe  shift. 
Fractional  fringes  are  then  obtained  by  linear  interpolation.  In  operation,  the  reference  specimen  is 
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Figure  6.  Modified  Twyman-Green  interferometer  for  measuring  fractional  wavelength 
changes  of  optic  path  at  10.6  micrometers. 


stressed  until  'the  interferometer  Is  at  a null,  trtiich  occurs  when  the  fundamental  harmonic  of  the  out- 
put intensity  is  xero.  A given  stress  applied  to  the  unknown  specimen  will  shift  the  interferoetetnr 
away  from  null,  whereupon  we  coepensrte  for  this  shift  by  applying  an  incremental  stress  to  the  Ge  which 
brings  the  Interferometer  beck  to  null.  From  these  data  we  then  calculate  the  stress-optical  constant 
using  eqs.  (4)  or  (5)  provided  *12  ia  known. 

2.2. S Results  ( 

In  Table  3 ■* e show  the  results  we  have  obtained  for  Ge  compered  with  earlier  reported  results 

(6,7] . Me  have  studied  Ge  primarily  because  it  ia  the  reference  material  used  in  our  measureamnta  of 
the  photoelastic  constants  of  other  materials  in  the  infrared.  Ge  i;;  important  also  as  an  infrared  window 
material  and'  an  infrarad  acousto-optica 1 material. 

Our  measurements  of  tha  relative  stress-optical  constants  at  10.6  urn  are  compared  with  earlier 
measureaents  (6)  at  2.5  urn.  Treat  that  earlier  work,  it  can  be  shown  that  q,  - q,,  has  a large  disper- 
sion, wharaac  q has  a aatall  dispersion.  This  is  verified  in  our  results,  where  6m  values  of  q<4  at 
10.6  urn  and  2,Sgm  agree  to  within  the  experimental  error  while  the  value  of  q^  - q^2  at  10.6  un 
‘continues  the  trend  of  dispersion  of  sherter  wavelength  values.  1 


Tram  our  moasur assents  of  stress-optical  constants,  q-1,  q , and  q<4,  wa  have  calculated  the 
•lasto-optic  constants  (4]  p , p and  p and  find  a significant  difference  with  the  corresponding 
values  obtained  by  Abrams  ain  Pinnow  [7] .Our  results  indicate  that  Ga  has  a smaller  figure  of  merit 
as  an  acousto-optic  modulator  than  they  calculate  from  their  data. 

In  Table  4 are  presented  the  values  we  have  obtained  for  the  stress-optical  constants  of  RAP 
KC1  and  KC1  doped  with  KI  together  with  earlier  reported  values  [5,8-15] . From  our  results  wa  cannot 
infer  any  difference  in  the  coefficients  of  these  two  types  of  materials.  Tha  values  for  - q. . are 
experimentally  determined. 

There  have  been  only  two  reported  meaeurmaents  of  the  absolute  stress-optical  constants  q and 
q , but  the  values  of  these  respective  coefficients  in  the  two  reports  differ  (9,13] . Our  results 
agree  moat  closely  with  values  calculated  from  the  results  of  Iyengar  [9]  who  actually  measured  the 
alaato-optical  constants. 

Our  values  for  q - q in  the  visible  tend  to  bo  slightly  higher  than  earlier  reported  values. 
At  10.6  un  we  at  present  cannot Attribute  any  significance  to  the  different  values  we  obtain  and  the 
difference  of  our  values  from  an  earlier  measuraamnt  (14)  due  to  our  precision  of  measurement. 


Our  values  for  q<4  in  the  visible  appear  to  fall  within  the  range  of  earlier  reported  values. 
At  10.6  un  our  valuea  suggest  a null  dispersion  when  compared  to  the  visible.  However,  this  latter 
result  is  in  disagreement  with  an  earlier  measuraamnt  (15).  Our  larqar  value  suggests  a greater  dis- 
tortion problem  for  KC1. 
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Table  3.  Photoelastic, Constants  of  C«  in  Units  of  10~*3a*/N 


Coefficients 

X0.6  yn 

2.5yn 

**11 

r.M  +.04 

*12 

-.4*  +.03 

’ll  ' q12 

-.36  +.02 

-.20* 

q<4 

*•1.09  +.05 

-1.12* 

pll 

p12 

P44 

-.126  .27b 
-.154  .235b 
-.073  .12Sb 

*Ref.  161. 

b Absolute  Value*  - Ref.  [7] . 

Table  4. 

Stress-Optical  Constants  of  KC1  in  Units  of  10-*2»2/M 

qU  q12 

qll  " q12  q44 

Mun) 

Ref. 

1.70  -4.31 

0.589 

8 

4.63  2.92 

1.71  -3.62 

C 589 

9 

1.66  -4.42 

0.589 

10 

1.47  -4.92 

0.589 

11 

1.42 

0.480 

12 

S.23  3.56 

1.65/1.57  -4.49Z-4.74 

0.589 

13 

1.81 

0.633 

5 

4.6  +.2  2.7  +.8 

1.7  +.4  -3.9  +.8 

0.633 

This  work 

1.9  +.1  -4.4  +.2 

0.644 

This  work 

4.6  +.2*  2.8  +.2* 

1.9  +.2*  -4.6  +.2* 

0.633 

This  work 

1.9  +.1*  -4.7  +.2* 

0.644 

This  work 

2.0 

10.6 

14 

-2.62 

10.6 

IS 

2.5  +1.0  -4.3  +.9 

10.6 

This  work 

1.5  +0.6* 

10.6 

This  work 

•Doped  with  KI. 
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2.3  ta'isad  Photoelastic  Data  for  CVD  ZnSa 

Xn  Table  5 we  list  ths  photoelastic  ccaituti  obtained  at  0.(328  ua  and  10. ( ua  for  CVD  ZnSe.. 
Two  Mta  of  values  ara  givma  for  0.(328  ua.  The  first  sat  tl]  was  calculated  2 ram  aaasuraaants  aade  on 
a speciaan  stably  after  it  had  baan  atrasaad  bayoad  tha  elastic  liait.  Tha  second  sat  was  calculated 
fr$*  aaasuraaants  on  the  saaa  specimen  10  aonths  la  tar . Tha  latter  sat  agrees  with  average  values 

Table  5.  Photoelastic  Properties  of  CVD  SnSe 


a 


1(1*0 

0.(328 

10.6, 

gu<lo"12  b2/h> 

-1.32*,  -1.44  £.04 

-1.46 

-12  2 

q12(10  14  • /*) 

0.28*,  0.17  +.05 

0.51 

qll-ql2(10”12  "2/M) 

-1.60*,  -1.60  +.01 

-1.97 

P11  ‘ 1 

-0.10,  -0.13 

-0.10 

p12 

-0.01,  -0.04 

0.007 

Sea  Ref.  1. 


obtained  froa  three  other  specimens.  A comparison  of  the  two  sets  of  data  suggests  that  tha  absolute 
photoelastic  constants  q.,  and  q,,  ara  altered  when  the  material  is  stressed  beyond  tha  elastic  liait, 
but  after  an  undetermined  period  of  tine  these  constants  return  to  their  original  values.  However,  it 
is  interesting  to  observe  that  the  stress-induced  birefringence  (q  -q  ) appears  to  be  unaffected  by 
stressing  the  material  beyond  the  elastic  liait. 


The  photoelastic  data  given  for  10.6  ua  were  obtained  from  birefringence  data,  modified  Twyaan- 
Green  data,  and  elastic  constant  data  obtained  at  0.(328  ua  (first  column  Table  6) . A calculation  of 
dn/dP  yields  -3  x 10*12  m2/H,  a number  which  differs  significantly  froa  a theoretically  calculated  value 
[2].  In  fact,  there  is  a sign  difference  between  theory  and  experiment. 


A summary  of  the  elastic  aoduli  ws  have  measured  for  CVD  ZnSe  are  presented  in  Table  6.  Also 
shown  are  the  aingle  crystal  data  of  Berl incourt  et.al  [3).  It  is  possible  to  compare  the  single  crystal 
data  to  the  polycrystalline  data  by  averaging  the  single  crystal  aoduli.  Two  different  approximations 
may  be  made  which  yield  extreaal  values  for  the  averaged  aoduli,  between  which  the  polycrystaliine  moduli 
should  fall.  The  first  approxiswtion,  due  to  Voigt  [4] , who  assumes  strain  continuity  in  the  specimen, 
yields  upper  limits  to  the  rigidity  modulus  G and  bulk  modulus  K which  we  denote  by  Gy  and  Ky.  The 
second  approximation,  due  to  Hauls  (5] , who  assumes  stress  continuity  in  the  specimen,  yields  a lower 
limit  to  G and  K which  we  denote  Gg  and  Kg.  Values  for  K , G , K and  G ara  listed  in  Table  6.  Our 
value  of  G fella  between  Gy  and  GR  as  predicted  by  theoryv[6)T  but  our  value  of  K is  larger  than  K , 


-12  2 

a (10  a /H) 
s12(10-12  »2/H) 
a .(lO-12  a2/N) 
G(1010  N/a2) 
K(1010  N/a2) 


Table  6.  Elastic  Properties  of  ZnSe 
CVD  Single  Crystal* 

13.9  +0.6  22.6 

-4.4  +0.2  -8.49 

22.7  . 


Polycrystaliine 


2.74  +0.12 

6.6  +0.6 


2.60(GR),  3.29  (Gy) 
5.95  <Xv-Kr) 


*Berlincourt  at.al.  See  Rsf.  3. 

Calculated  froa  single  crystal  data.  See  Ref.  6. 


where  theory  predicts  that  for  cubic  crystals  KR  » Ky.  because  of  the  large  experimental  uncertainty 
in  K,  one  must  be  cautious  in  drawing  conclusions  from  the  latter  result.  However,  Martin  [7]  suggests 
that  the  single  crystal  data  nay  be  in  error.  He  found  that  of  all  fifteen  ZnS  structure  semiconductors 
that  he  had  studied,  only  the  ZnSe  and  CuCl  data  deviated  significantly  from  his  theory  of  elastic 
properties. 

In  obtaining  interferometric  data  on  CVD  ZnSe  it  is  imperative  that  temperature  fluctuations 
be  minimized.  This  is  because  of  the  large  optic  path  changes  that  occur  as  a function  of  temperature 
due  to  a large  positive  value  of  the  thermal  coefficient  of  refractive  index  which  adds  to  the  large 
expansion  offset. 
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2.4  An  Improved  Strmlnf  Apparatus  for  Photoelasticity  — — iiruntt 
Albert  Feld— n and  Willi—  J.  McKean 

Several  —-.'tods  have  bean  employed  for  —louring  too  photoelaatic  co— touts  of  solid  — tsriols. 
Kws*  u—  ‘either  stocic  (1,2]  or  dyn— ic  streae  (3,4].  In  the  — thods  that  —ploy  static  stress,  differ- 
ent types  of  stressing  devices  he—  be—  — ployed.  In  this  article  ve  disc— s inprove— nts  over  a pre- 
viouely  — ed  stressing  fra—,  which  had  —ployed  a screw  clasp  for  applying  a static  load  (5] . The 
apparat— , which  is  similar  to  o—  used  by  Cue— s and  Pritssche  in  low  t— pi  return  piesoresistance  — aa- 
ur— — ts  [4] , incorporates  improved  f— tur—  for  u—  at  ro—  t— |i nature.  The  stresses  obtained  with 
it  are  highly  uni  fora  over  the  central  port!—  of  the  window  of  a prismatic  speci— n and  thus  permit 
photoelasticity  measurements  by  optical  interfere— try  (7) . 

Figure  7 shows  the  stressing  apparatus.  The  —in  futures  are  the  fra—,  F,  the  ball  bushings, 

H,  the  push  rod,  J,  the  load  cell,  M,  and  the  lever  am,  C.  The  frame  material  la  aluminum  which  provides 
sufficient  strength  and  is  conveniently  light.  A step  at  the  bottom  of  the  fra—  alio—  for  solid  clasp- 
ing to  a bench  plate.  The  two  com— rcial  ball  bushings,  separated  by  a spacer,  are  inserted  into  the 
fra—  with  a push  fit. 

The  push  rod  is  — de  of  precision  ground  steel.  The  did— ter  is  selected  so  that  when  the  rod 
is  in  place,  the  hall  bushings  are  slightly  preloaded.  This  eliminates  lateral  play  while  allowing 
virtual  friction-free  application  of  stress.  The  lower  end  of  the  push  rod  contains  a conical  hole  for 
.centering  a st— 1 ball  several  — in  dinmnter.  A member  is  threaded  into  the  upper  end  of  the  push  rod 
allow  for  rod  length  adjust— nt  and  thus  to  taka  rare  of  s— pie  length  variations.  A --oil  spring  at 
t:he  top  prevents  the  push  red  from  failing  by  gravity. 

The  lever  arm  provides  a mechanical  advantage  of  about  8:1.  Stress  Is  gradually  applied  with 
the  lowe r knurled  screw.  When  the  screw  is  turned,  a slight  flexing  of  the  lever  am  prevents  a sudden 
application  of  force  to  the  speci— n. 

A load  cell,  which  is  provided  with  a calibrated  digital  readout,  it  attached  to  the  base  of  the 
fra—  with  screw a.  The  top  of  the  load  cell  contains  a conical  hole  for  centering  another  steel  ball  in 

line  with  the  hole  at  the  lower  end  of  the  push  rod. 

The  speci— ns  are  rectangular  prism  approxi— tely  1.2  x 1.2  x 3.6  cm.  Two  opposing  rectangular 
faces  of  a speci— n are  ground  and  polished  parallel  to  act  as  windows  for  polarised  radiation  used  in 
measuring  photoelastic  constants.  The  other  two  rectangular  faces  are  ground  parallel  to  eacn  other  and 
square  with  the  window  faces.  The  ends  are  ground  perpendicular  to  the  other  four  faces.  The  sped— n 
is  then  mounted  in  metal  cups  with  epoxy  adhesive.  Masking  tape  is  wrapped  around  the  specimen  near  the 
ends  to  eliminate  lateral  play  when  mounting  the  speci— n in  the  cups.  Thu  outer  end  of  each  cup  con- 
tains a conical  hole  for  centering  tho  speci— n between  the  st— 1 balls.  The  above  procedures  insure 
that  the  stress  is  tran— itted  uniformly  through  the  central  portion  of  the  specimen. 

The  apparatus  is  used  as  follows:  After  being  mounted  in  the  cups,  the  speci— n with  two  steel 

balls  at  each  end  is  placed  betw— n the  push  rod  and  the  load  cell.  The  upper  screw  of  the  lever  am  is 
then  rotated  to  depress  the  push  rod  until  a slight  pressure  reading  is  obtained  from  the  load  cell. 

Stress  — y now  be  applied  by  the  knurled  lowe r screw.  In  our  prosent  apparatus  forces  up  to  104  N have 
been  applied. 

This  apparatus  has  several  advantages  over  previously  used  devices.:  The  ball  bushings  provide 

almost  friction-free  operation  without  lateral  play.  The  lover  arm-push  rod  arrange— nt  eli.iinat  >s 
rotation  or  twisting  inharent  in  a screw  clamp  arrangement.  The  place— nt  of  the  load  cell  in  line 
with  the  speci— n permits  direct  r— ding  of  the  force  applied  to  the  specimen.  The  method  of  mounting 
provides  a highly  unifom  stress  in  the  specimen,  with  minimum  speci— n tilt.  Thus,  stress  homogeneity 
tests  indicate  that  the  stress  variation  across  the  central  1-cm*  aperture  of  the  specimen  is  no  more 
than  +2»  of  the  mean  strese  value  aid  that  the  tilt  angle  of  the  specimen,  measured  inter ferometrically, 
is  lass  than  2 min.  for  the  maximum  applied  force. 
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Figure  7.  Stressing  apparatus.  A = adjustment  screw  with  domed 
tip,  B = adjusting  member  threaded  into  push  rod, 

C = lever  arm,  D = coil  spring,  E = axis,  F = frame, 

G = spacer,  H = ball  bushing,  I = stressing  screw 
with  domed  tip,  J = push  rod,  K = specimen  cup,  L = 
steel  ball,  M = load  cell,  N = specimen. 
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